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Steroid hormones in hair reveal 
sexual maturity and competition 
in wild house mice (Mus musculus 
domesticus)
esther H. D. carlitz1*, Jan-niklas Runge2, Barbara König2, Lennart Winkler3, 
clemens Kirschbaum1, Wei Gao1 & Anna K. Lindholm2
endocrine data from wild populations provide important insight into social systems. However, 
obtaining samples for traditional methods involves capture and restraint of animals, and/or pain, 
which can influence the animal’s stress level, and thereby undesirable release of hormones. Here, we 
measured corticosterone, testosterone and progesterone in the hair of 482 wild-derived house mice 
that experienced sexual competition while living under semi-natural conditions. We tested whether 
sex, age, weight and indicators of sexual maturity, reproduction and social conflicts predict hormone 
concentrations measured in hair (sampling at endpoint). We show that body weight, sex and age 
significantly predict cumulative testosterone and progesterone levels, allowing the differentiation 
between subadults and adults in both sexes. corticosterone was only slightly elevated in older males 
compared to older females and increased with the level of visible injuries or scars. testosterone in males 
positively correlated with body weight, age, testes size, and sperm number. progesterone in females 
significantly increased with age, body weight, and the number of embryos implanted throughout 
life, but not with the number of litters when controlled for age and weight. our results highlight the 
biological validity of hair steroid measurements and provide important insight into reproductive 
competition in wild house mice.
Understanding the environmental control and evolutionary significance of the interplay between hormones and 
behaviour is a challenge in the fields of behaviour and physiology. A crucial aspect is being able to measure and 
interpret hormone levels under natural conditions. Natural conditions imply for sexually reproducing species 
the possibility of reproductive competition, in which males may compete with each other for access to females1, 
and in which females may compete with each other for access to resources necessary to rear young or for access 
to mates2,3. Hormone level measurements have been important in interpreting such competition, particularly 
between males4,5.
Measurements of hormones have traditionally involved saliva, blood, urine and faecal sampling. These have 
proved highly valuable in assessing current or recent hormone levels. However, there are limitations to these 
methods. Obtaining the samples often involves capture and restraint of an animal, and/or pain, which can influ-
ence the animal’s stress level, and thereby the release of hormones. Sampling hair instead may solve some of 
these problems, as it is little or non-invasive, and hormone concentrations measured in hair reflect the integrated 
hormone secretion of the past weeks or months, depending on the hair growth pattern and growth rate6–8. Thus, 
animal welfare may be improved and short-term fluctuations of endocrine secretion patterns are levelled out by 
hormone analysis in hair samples. The latter is of particular advantage for studying hormones in an ecological or 
evolutionary context.
In laboratory mice, Dry9 found in 1926 that one actively growing hair from the undercoat (85% of all hair 
follicles) is accompanied by two to three hairs from earlier hair cycles. Consequently, hair samples of younger 
individuals include fewer hair generations and reflect shorter time windows than samples from older individuals. 
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In addition, the time of subadulthood (i.e. the first hair generation) is still represented in hair samples of younger 
adults, but probably not in older adults. A cycle of a single hair follicle roughly consists of 14 days of growth 
followed by 14 days at rest. The growth of neighbouring hair is highly synchronized. Therefore, events occurring 
during resting phases might not be represented at a particular location and each hair sample should reflect the 
past three to four months. Interestingly, a more recent shave and re-shave study on age controlled laboratory 
house mice found that hair had visibly regrown to 90–100% in 88 of 115 animals after nine weeks, but ranged 
from no regrowth to 75% regrowth in 27 mice10. This indicates significantly more individual variation in the hair 
growth patterns of mice than suggested by Dry9.
The glucocorticoid hormone corticosterone is the primary stress hormone in rodents, birds, fish and rep-
tiles, and has been well studied because of its direct implications for health11–13. Physiological stressors (such 
as pain, hunger) or psychological stressors (such as social conflicts) activate a hormonal cascade of the 
hypothalamic-pituitary-adrenal (HPA) axis, which results in elevated corticosterone secretion into the blood 
stream. Corticosterone contributes to an increased energetic availability via gluconeogenesis and the metabo-
lism of fat and proteins. As a trade-off, energetically expensive pathways not needed for immediate survival are 
suppressed or down-regulated14. Consequently, this stress response mechanism is adaptive in coping with acute 
stressors whereas the same mechanism becomes maladaptive if stressors are persistent15. Without sufficient time 
to recover, a prolonged stress response reduces fitness, e.g., through increased susceptibility to infectious dis-
eases16,17, inhibition of embryo implantation18,19, or male infertility20. Thus, from an evolutionary perspective the 
chronic state of corticosterone secretion, as measured in hair, is likely to be more informative than the acute state.
Recently, a small number of rodent studies have shown the potential for analysis of corticosterone in hair sam-
ples13,21–26. For example, corticosterone concentrations in hair and blood serum were positively correlated in both 
control and stressed groups26. There is still some uncertainty about the exact incorporation mechanisms of hor-
mones into the hair shaft27,28 but it is commonly assumed that hormones are mainly incorporated in the hair shaft 
during growth8 and that hair hormones reflect the cumulative hormone secretion during the time of hair formation.
Studies with repeated administration of adrenocorticotropic hormone, which increases production and release 
of cortisol (the primary glucocorticoid in bigger mammals), resulted in significantly elevated hair cortisol concen-
trations in chipmunks and lynxes29,30. There are only a few studies of sex hormones from mammalian hair10. Some 
studies found higher testosterone in males than in females31,32 or higher in rutting than non-rutting roe deer males33, 
whereas others did not find the expected difference30,34–38. Progesterone has been used successfully to distinguish 
between sexes30,35 or the reproductive state of females35,39. However, none of these studies has investigated rodents.
Here we use hair samples to evaluate long-term levels of corticosterone and sex steroid hormones from 
wild-derived house mice (Mus musculus domesticus) under conditions of reproductive competition in 
semi-natural enclosures. We expect that reproductive competition will enhance variation in hair hormone levels 
in predictable ways.
First, we predict that higher hair corticosterone will be associated with stress as possibly reflected in the num-
ber of visible injuries or scars. Louch and Higginbotham40 found that subordinate male mice were regularly 
victims of dominant males’ aggression and showed higher levels of corticosterone concentrations in blood serum 
than dominants. Subordinates also showed a high rate of wounds on the tail and rump. In comparison, dominant 
males received very few injuries40. In addition, males repeatedly exposed to aggressive confrontations showed 
significantly elevated plasma corticosterone concentrations41.
Second, if hair samples truly reflect longer-term endocrine secretion patterns, we predict that concentrations 
of the sex steroid hormone testosterone will be higher in males than females, and increase in males at sexual 
maturity. Testosterone is biologically active in both males and females, but exhibits higher concentrations and 
greater relevance in males. Predominantly synthesized in the testes, testosterone concentrations in males rise 
significantly during sexual maturation, where this hormone promotes the development of male reproductive 
organs and other secondary sexual traits. In addition, testosterone concentration is closely associated with sexual 
activity (for review see Vignozzi et al.42). We therefore predict positive correlations between testosterone and 
traits of male sexual maturity, like testes size33,43 or the number of sperm in the cauda epididymis, the location of 
final sperm maturation and sperm reservoir44,45. In females, smaller amounts of testosterone are synthesized in 
the ovaries and the adrenal cortex, but concentrations were found to be predictive for behavioural traits, such as 
suboptimal maternal breeding behaviour46.
Third, we predict that the steroid hormone progesterone will be found at higher concentrations in hair of 
females than in males, will increase in females at sexual maturity as well as in females that have been pregnant. 
Progesterone is one of the most important sex hormones in females, with increased production by the corpus 
luteum during the second half of the female cycle. The placenta synthesizes even higher concentrations, especially 
during the second half of pregnancy. In addition, progesterone concentration increases significantly with higher 
numbers of implanted embryos47 or with litter size48. We therefore predict progesterone concentration in females 
to increase with reproductive activity. Small amounts of progesterone are also synthesized in male testicles and 
adrenal cortex, where it is important in male sexual behaviour49.
Methods
Study population. We collected hair samples from house mice that were part of a study designed to meas-
ure dispersal propensity. These mice descended from a well-studied population of free-living wild house mice50. 
One hundred and nineteen laboratory-born, wild-derived house mice were placed in 14 enclosures of 7 m² with 
initial densities between 4 and 16 animals (50% female). The aim of the original study was to test for associations 
between traits, the social environment and the propensity to leave the enclosures via a tube leading to a water bath 
with a refuge cage with food, water, and hiding space on the opposite side of the water bath. The refuge cage was 
checked daily and any mice in it were removed from the experiment. For the present study, all mice removed from 
the refuge cage (n = 11) were euthanized and hair sampled.
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The enclosures were fenced-in to impede predation by cats or birds of prey. They were exposed to ambient 
weather conditions, but were protected from rain and direct sunlight. The mice had ad libitum access to food (a 50:50 
mix of rolled oats and commercial rodent food, Vita-Balance diet for guinea pigs and hamsters, Landi Schweiz AG, 
Dotzigen, Switzerland) and water at four sites in each enclosure. Four nest boxes as well as sticks, straw, plastic tubes 
and bricks provided shelter. Low, incomplete walls provided additional structure. A thick layer of mouse bedding 
(Lignocel Hygenic Animal Bedding, JRS GmbH & Co.KG, Rosenberg, Germany) covered the concrete floor of the 
enclosures. The enclosures were regularly inspected for the presence of litters. When pups were estimated to be 13 
days old according to morphological traits50, an ear punch was taken from each pup for genetic analysis.
The enclosures were initiated between April and October 2017, ran for an average of 117 ± 31 (SD) days each 
and were then shut down by catching and euthanizing all mice. Immediately after euthanasia, we collected hair 
samples from all mice with sufficient hair (230 males, 252 females), collected an ear punch for genetic analy-
ses, and documented body weight as well as injuries and scars. For the latter, we used the four categories “no 
wound or scar”, “one minor wound or scar” (one healed or recent bite wound on tail or rump, missing one digit 
or part of tail), “several minor wounds or scars”, and “major wounds” (serious bite wounds over a larger area). 
Microsatellite markers were amplified following Auclair et al.51 and the genotypes of pups (with known birth 
dates) and euthanized mice were matched, in order to provide age estimates (±2 d) for subadult and adult mice 
born within the enclosures. In addition, we dissected 113 females (age range = 25–217 d) in order to count pla-
cental scars and developing embryos in the uterus, which inform about the total number of embryo implanta-
tions throughout life52,53. We also dissected 108 males (age range = 23–218 d) in order to measure testes weight 
(right and left testis combined; ±0.1 mg) and count sperm numbers in the cauda epididymis. To count sperm, 
we transferred both cauda epididymes to 1 ml of oil-immersed modified human tubal fluid (mHTF) medium 
(Catalog ID: 90126, FUJIFILM Irvine Scientific, Santa Ana, USA) supplemented with 5 mg/ml of bovine serum 
albumin (Sigma-Aldrich), pre-heated to 37 °C. We used three cuts on each epididymis to allow sperm to escape 
into the medium over 2 h in an incubator set at 37 °C. We then transferred a 4 µl sample from the centre of the 
medium bubble to a pre-warmed 20 micron Leja4 slide, and examined it on the heated stage of an Olympus CX41 
phase-contrast microscope using 40X magnification. We used a CASA, computer assisted sperm analysis system 
(Mouse Traxx, Hamilton Thorne, Beverly, USA), to image sperm and estimate sperm concentration. We observed 
at least 200 sperm per slide, using multiple viewing panels. If the CASA system determined that sperm concen-
tration was too high, we diluted samples 1:1 with pre-warmed mHTF medium54.
Hair sample preparation and hormone analysis. Hair samples were shaved from the lower back of the 
animals with an electric razor after euthanasia (~15–20 mg hair, equivalent to a square of 2 × 1 cm), following a 
previous publication on laboratory mice23. Samples were kept in individual paper envelopes at room temperature 
until analysis. Hair sample preparation followed the protocol as described for human hair55. Slight adaptations 
were necessary in order not to lose the very short and fine mouse hair (~5 mm) during washing. Hair was washed 
once by shaking it in 1.5 ml of isopropanol for 3 min at room temperature after which the liquid was pipetted off. 
Hair was then allowed to dry for at least 12 h at room temperature. 5 ± 0.5 mg of non-pulverized hair was trans-
ferred into a 3 ml glass tube. Thereafter, 1.8 ml methanol was added and the hair was incubated for 18 h at room 
temperature for steroid extraction. 1.6 ml of the clear supernatant was transferred into a new 2 ml plastic tube 
(Eppendorf, Hamburg, Germany). The alcohol was evaporated at 50 °C under a constant stream of nitrogen until 
the samples were completely dried (duration: approximately 40 min). The dry residue was suspended using 225 μl 
distilled water (LC-MS-grade) and 25 μl methanol. 100 μl of the re-suspension, together with 20 μl of an internal 
standard were used for liquid chromatography - tandem mass spectrometry (LC–MS/MS) analysis. The LC–MS/
MS analysis followed our previously validated protocol for corticosterone, testosterone and progesterone55. We 
had intended to also measure estradiol in the hair samples, however, concentrations were below the detection 
level of the LC–MS/MS method used here.
Statistical analyses. All statistical analyses and figures were performed in R 3.4.456 with RStudio57 and the 
packages ggplot2 3.0.058 and lme4 1.1–18.159, the latter using the functions lmer and confint.merMod.
Hormone measures below the limit of detection of 0.1 pg/mg hair55 were excluded from further analyses 
(n(testosterone) = 54; n(progesterone) = 14). Further exclusion criteria included missing records on injuries/
scars (n = 1) and unknown age (n = 43).
We used linear mixed-effects models in a model building approach to test the effect of sex and age, their poten-
tial interaction, and body weight on the three investigated hormones. We included the identity of each enclosure 
as a random effect in our models. Data for all three hair hormones were not normally distributed, but approached 
normal distribution with a log transformation. In order to improve readability, we back-transformed the logarith-
mic beta-values from these models and calculated 95% confidence intervals.
We investigated whether the 95% confidence intervals of the testosterone and progesterone model estimates 
would allow us to determine at which age males and females diverged from each other hormonally. This age was 
interpreted as the beginning of adulthood visible in hair hormones, with animals younger than this separation 
age defined as subadults.
The level of injuries and scars in mice were used to infer the severity of social conflicts or received aggression 
an animal had to cope with. To test for an association between injuries and corticosterone concentrations, we 
compared the fit of models that included or excluded injury level.
In females, we assessed the relationship between hair hormone levels and markers of pregnancy, namely 
the number of embryo implantations and the number of litters produced during the experiment. In males, we 
assessed the relationship between testosterone concentrations and testes weight as well as number of sperm in the 
cauda epididymis as a measure for sexual maturity. 4th root transformation was applied to sperm number in order 
to reduce skew in this measure.
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Body weight was available only at the time of euthanasia, differed between the sexes (with males heavier than 
females; Welch two sample t-test, t = 4.32, df = 482.7, p < 0.0001), and was highly correlated with age at sampling 
(r = 0.85). Consequently, the predictors in our models showed increased collinearity (variance inflation factors 
between 3 and 5), suggesting reduced potential for significant results. Despite this, our predictor variables kept 
their strong explanatory power in models where body weight was included. We therefore decided to keep body 
weight in our models.
Results
An interaction between age at sampling and sex predicted levels of the three steroid hormones corticosterone, 
testosterone and progesterone measured in hair of wild-derived house mice (Fig. 1, Table 1). For corticosterone 
(Fig. 1a), age had a strong positive effect (corticosterone Model 2 vs. Null model, Table 1), while sex itself did not 
have explanatory power (corticosterone Model 1 vs. Null model, Table 1). However, fitting an interaction of age 
and sex showed that older males had higher corticosterone levels than older females (corticosterone Model 4 vs. 
Model 3, Table 1 and Fig. 1a). Adding body weight to the model did not yield better model fit (corticosterone 
Model 5 vs. Model 4, Table 1).
The level of injury had a strong predictive effect on corticosterone concentration which was additive to the 
effects of sex and age (corticosterone Model 7 vs. Model 4 and Model 7 vs. Model 6, Table 1, Fig. 2). Using the 
back-transformed estimate of the sex and age interaction term in model 7 of 1.0010 (95% CI = 0.9994–1.0026), 
we calculated that with each additional month of age corticosterone increased 3% more in males compared 
to females. The back-transformed estimate of effect of injury of 1.1539 (95% CI = 1.0910–1.2206), predicts an 
increase of corticosterone by 15% with each level of injury, independent of the effects of age and sex. Injuries 
of the highest category (“major wounds”) occurred on the animals’ back. As a consequence, mice with major 
wounds had little hair on their back and thus were rarely sampled (hair samples could only be collected from 
1 male and 4 females). Nevertheless, more males than females were sampled in the second highest category 
“with several scars/wounds”, suggesting that fewer females suffered from injuries in this category than males 
(injury distribution females/males: “none” = 217/172; “one minor wound/injury” = 22/19; “several wounds/inju-
ries” = 13/41; “major wound” = 4/1).
The concentration of testosterone in hair (Fig. 1b) differed significantly between males and females (testos-
terone Model 1 vs. the Null model, Table 1) and increased with age (testosterone Model 2 vs. the Null model, 
Table 1). The interaction of age and sex was significant (testosterone Model 4 vs. Model 3, Table 1), indicating that 
the slopes of change of testosterone concentrations differed between the sexes. Adding body weight at the time of 
euthanasia to this model further improved our model fit (testosterone Model 5 vs. Model 4, Table 1). Thus, older 
males exhibited significantly higher testosterone than older females (back-transformed estimate = 1.0141, 95% 
CI = 1.0115–1.0167). Testosterone in males increased per month of age 43% more in males than in females and 
increased by 7% by each gram of body weight (back-transformed estimate = 1.0676, 95% CI = 1.0424–1.0918). 
The confidence intervals of testosterone values stopped overlapping in males and females at the age of 38 days. 
Males younger than 38 days were therefore categorized as subadults, otherwise as adults.
Hair progesterone concentrations (Fig. 1c) also differed between the sexes (progesterone Model 1 vs. Null 
model, Table 1), with females showing considerably higher levels. Age positively influenced progesterone lev-
els (progesterone Model 2 vs. Null model, Table 1), as did the interaction between sex and age (progesterone 
Model 4 vs. Model 3, Table 1). Similar to testosterone, progesterone was furthermore significantly predicted by 
body weight at the time of euthanasia (progesterone Model 5 vs. Model 4, Table 1). Using the estimated slope 
value for the difference in effect between males and females of 0.9801 (95% CI = 0.9778–0.9826), progesterone 
Figure 1. The influence of age and sex on three hair steroid hormones. Scatter plots illustrating the effects of 
sex and age at sampling on (a) corticosterone, (b) testosterone, and (c) progesterone measured in hair of wild-
derived house mice. Data (dots and lines) for females are given in grey, for males in ochre.
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concentrations increased per month of age 60% more in females than in males and there was also a 4.6% increase 
of progesterone with each gram of body weight (back-transformed estimate = 1.0465, 95% CI = 1.0255–1.0672). 
The progesterone model showed that confidence intervals of the two sexes no longer overlapped at the age of 54 
days. Thus, females younger than 54 days were categorized as subadults, otherwise as adults.
For females, adding the number of embryo implantations throughout life improved the fit of the 
model containing age and body weight (progesterone Model 5 females only vs. Model 3, Table 1). Using the 
back-transformed slope estimates for age of 1.0091 (95% CI = 1.0042–1.0136), for body weight of 1.0289 (95% 
CI = 0.990–1.0725), and for number of embryo implantations of 1.0659 (95% CI = 1.0301–1.10; Fig. 3a), among 
females, progesterone was estimated to increase by 27.2% per month of age, by 3% per gram of body weight, and 
by 6.6% with each implanted embryo. The number of litters produced by a female (mean = 0.9, range = 0–4) had 
itself explanatory value against the Null model (data not shown) but did not add explanatory value compared to a 
model that contained age and body weight (progesterone Model 4 females only vs. Model 3, Table 1). A significant 
correlation with medium effect size between progesterone and age was still detectable among those 38 females 
without any signs of pregnancy (r = 0.39, p = 0.02; age range = 40–140 d). Otherwise, the number of implanta-
tions did not significantly correlate with female testosterone (Fig. 3b) or corticosterone (Fig. 3c), neither in young 
nor in older females.
Model Formula comparison Χ² p-value ΔAIC
Null model with random effect log(corticosterone)~ (1|Enclosure)
Model 1 ~sex Null model 0.00 0.95 +2.0
Model 2 ~age Null model 97.0 <0.001 −95.0
Model 3 ~sex + age Model 2 0.2 0.66 +1.8
Model 4 ~sex × age Model 3 7.3 <0.01 −5.3
Model 5 ~sex × age + body weight Model 4 0.2 0.64 +1.78
Model 6 ~injury Null model 78.3 <0.001 −76.3
Model 7 ~sex × age + injury Model 4 23.5 <0.001 −21.5
Model 6 49.6 <0.001 −43.7
Null model with random effect log(testosterone)~(1|Enclosure)
Model 1 ~sex Null model 125.2 <0.001 −123.2
Model 2 ~age Null model 55.1 <0.001 −53.2
Model 3 ~sex + age Model 1 105.8 <0.001 −103.8
Model 4 ~sex × age Model 3 87.9 <0.001 −85.9
Model 5 ~sex × age + body weight Model 4 30.9 <0.001 −28.8
Null model with random effect log(progesterone)~(1|Enclosure)
Model 1 ~sex Null model 155.0 <0.001 −153.0
Model 2 ~age Null model 126.6 <0.001 −124.6
Model 3 ~sex + age Model 1 165.3 <0.001 −163.3
Model 4 ~sex × age Model 3 210.6 <0.001 −208.6
Model 5 ~ sex × age + body weight Model 4 20.4 <0.001 −18.4
Null model with random effect log(progesterone) females only~ (1|Enclosure)
Model 1 ~ age Null model 110.9 <0.001 −108.9
Model 2 ~ body weight Null model 89.6 <0.001 −87.6
Model 3 ~ age + body weight Model 1 4.2 <0.05 −2.2
Model 4 ~ age + body weight + no. litters Model 3 1.1 0.29 −0.9
Model 5 ~ age + body weight + no. implantations Model 3 13.5 <0.001 −11.5
Null model with random effect log(testosterone) males only~ (1|Enclosure)
Model 1 ~ age Null model 79.1 <0.001 −77.1
Model 2 ~ body weight Null model 96.6 <0.001 −94.6
Model 3 ~ body weight + age Model 2 8.0 <0.01 −6.0
Model 4 ~ body weight + age + testes weight Model 3 23.1 <0.001 −21.1
Model 5 ~ body weight + age + (sperm number)1/4 Model 3 18.1 <0.001 −16.1
Model 6 ~ body weight + age + testes weight + (sperm number)1/4 Model 4 4.5 <0.05 −2.5
Table 1. Overview of the model comparisons for the prediction of hair corticosterone, hair testosterone, and 
hair progesterone in house mice. The ‘x’ indicates model term interaction.
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Testosterone in males was significantly predicted by body weight (strongest predictor), age and testes weight 
(testosterone Model 4 males only vs. Model 3, Fig. 4a). The number of sperm additionally improved the model fit 
(testosterone Model 5 males only vs. Model 3, Fig. 4b). The back-transformed slope estimates for testes weight of 
1.0064 (95% CI = 1.0025–1.0106) and for sperm number of 1.000013 (95% CI = 1.0–1.00017) indicate a testoster-
one increase by 0.6% per mg increased testes weight (mean testes weight = 134 mg, range = 13–221 mg) and 1.3% 
increase for each 1000 sperm counted (mean sperm count = 998, range = 0–7000). Testosterone further increased 
by 20% per month of age (back-transformed slope estimate = 1.0066, 95% CI = 1.0030–1.0100) and by 4% per 
increased gram of body weight (back-transformed slope estimate = 1.0396, 95% CI = 0.9931–1.0830).
Discussion
This is the first demonstration of cumulative steroid hormone analysis in hair samples from a larger number of 
wild-derived house mice, living in social groups consisting of multiple males and females exposed to intra-sexual repro-
ductive competition. Hair corticosterone analysis has previously been validated and used for rodents under laboratory 
conditions, but not under field conditions. In addition, biological validation for hair testosterone and progesterone has 
still been pending. As predicted, we found that sex and age of sampling, either alone or in interaction, influenced con-
centrations of corticosterone, testosterone and progesterone. We used these patterns to determine the age of sampling 
at which hair hormone concentrations of testosterone and progesterone diverged between the sexes, reflecting the onset 
of adulthood (sexual maturation) and potential intra-sexual reproductive competition. Progesterone and testosterone 
concentration, but not corticosterone, further increased with body weight at the time of euthanasia. In males, testoster-
one was more strongly predicted by body weight than by age. We also found that higher corticosterone concentrations 
were associated with higher levels of injury, suggesting chronic social stress in some animals. Furthermore, the total 
number of implanted embryos positively predicted progesterone levels, as expected. Unexpectedly, we found similarly 
high levels of corticosterone in females and in males, which also increased with age at sampling. We first discuss the 
time window over which hormones are incorporated in the hair sampled, and then use the full set of results from this 
method to test predictions about intra-sexual reproductive competition.
Our study provides indirect information on the time window represented in wild mouse hair samples. Both, 
the significant positive associations between hair progesterone and the number of embryo implantations through-
out a female’s life (maximum 6 months) as well as between corticosterone and the number of scars and injuries 
throughout life suggest that hair samples from house mice are an integrated measure of a broad time window of 
several months. Nevertheless, the question about the exact time window that is represented in a hair sample of 
wild house mice cannot be answered here.
Looking at the sex steroid hormones in hair as a correlate of reproductive behaviour, we found strongly ele-
vated testosterone in older males and, analogously, largely increased progesterone in older females, which is 
expected given the nature of testosterone and progesterone. These results provide evidence for the biological 
validity of measurements of the two sex steroids in hair in house mouse hair. This is important as a recent review 
article10 emphasized the need for further validation of reproductive hormones in hair. Surprisingly, there are more 
studies that did not find higher testosterone concentrations in males than females30,34–38, than those that did31,32.
Similarly to a study on brown bears60, where sex hormone profiles enabled the categorization of age classes, 
our models on testosterone and progesterone allowed us to determine a threshold age at which male and female 
wild-derived house mice began to differentiate in their hormone concentrations from the opposite sex. We inter-
pret this age as the onset of adulthood (sexual maturation) that is reflected in hair hormone measures. We would 
expect to see a first increase in sex hormones even earlier since cumulative hormone levels measured in hair 
Figure 2. The impact of the level of injury on hair corticosterone. Box and whisker plots (with median, 1st and 
3rd quartile and outliers) illustrating the level of injuries in relation to corticosterone measured in hair from 
wild-derived female (in grey) and male (in ochre) house mice. See Methods for injury categories.
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provide a retrospective measure over several weeks rather than acute hormone levels. Nevertheless, given that the 
hormone concentrations measured in hair accumulated over weeks or even longer, our hair hormone-based age 
of adulthood in wild-derived males (38 d) and females (54 d) is surprisingly close to the reported onset of repro-
duction in male (28–34 d) and female laboratory mice (first oestrus in females: 35–42 days61). In the free-living 
population from which the study mice descended, onset of first reproduction varies drastically among individu-
als. The earliest age when males sired their first litter was 31–35 days of age, and females gave birth to their first 
litter the earliest when 51–58 days old (unpublished data).
Looking at progesterone in females specifically, we found that the number of embryo implantations through-
out life, based on the number of scars and embryos found in the uterus, was a much stronger predictor of pro-
gesterone than the number of litters produced by a female. In fact, the number of litters did not explain further 
variation in progesterone if age was included in the model. This is not surprising given that the number of litters 
observed in this study might not correspond to the number of pregnancies, due to loss of litters through abortion 
or infanticide before weaning51,62,63. More than one third of the adult females (41 of 113) showed signs of embryo 
implantations although we never found litters from these females. To our knowledge, this is the first time that pro-
gesterone has been found to be more strongly linked to number of implantations than number of litters produced.
Testosterone in male mice was most strongly predicted by body weight, which is in line with the hormone’s key 
role in muscle development and fat deposition in males64,65. Interestingly, age, in addition to body weight, was also 
a significant predictor for male testosterone. This was unexpected, considering the high correlation between age 
and body weight (r = 0.81), as house mice increase in size throughout life66. Importantly, testes size and (to a lesser 
Figure 3. The impact of the number of implantations on three hair steroid hormones. Scatter plots of the 
number of embryo implantations against progesterone (a), testosterone (b) and corticosterone concentration  
(c) in hair of wild-derived female house mice, as a function of age. The illustrated line shows the model 
prediction (with 95% confidence intervals) for females at 150 days of age.
Figure 4. The impact of testes weight and sperm number on testosterone. Scatter plots of testes weight (a) and 
number of sperm (b) against testosterone in hair of wild-derived male house mice, as a function of age. The 
illustrated line shows the model prediction (with 95% confidence intervals) for males at 150 days of age.
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degree) sperm number in the cauda epididymes, indicators of sperm production capacity67 and reproductive activ-
ity44, respectively, were further significant predictors for male testosterone. Similar associations between testes size 
and plasma testosterone have been reported in other animals68,69. All these findings highlight that testosterone con-
centration measurements in the hair of male mice reflect male sexual maturity. They support the biological validity 
of hair testosterone measurements, along with findings on hypogonadal men70 and rutting roe deer33.
Concerning stress hormones and injuries as proxies of reproductive competition, our results indicated that 
corticosterone concentrations measured in hair were remarkably similar between males and females, elevated 
only in older males compared to older females. This is surprising, as in laboratory settings more direct aggres-
sive interactions between males than between females occur71, reflected in typical housing conditions, as in 
many strains, females, but not males, can be housed together72. Although more prevalent among males, injuries 
were not absent from females. Female injuries arise from aggression by males or females, as during territorial 
aggressive interactions71,73. In house mice, sexual coercion has not been observed74,75 despite sexual size dimor-
phism66,76. Recent ideas of the regular occurrence of reproductive competition between females3,77–79 suggest that 
group living females compete with each other over resources they need to reproduce. This idea is supported by the 
38 adult females in this study that showed no signs of pregnancy, or scars left behind by previous implantations 
of embryos in the uterus. Given that food had not been limited and was easily accessible in our study, females 
might have rather competed over access to safe nest sites, or protection or assistance with offspring care. Such 
intrasexual competition in female house mice need not necessarily take the form of direct aggression and visible 
injuries, but rather indirectly suppress the competitors’ reproduction through olfactory signals that communicate 
social dominance (for review see Stockley and Bro-Jørgensen3), or through infanticide towards their competitors’ 
offspring62,80,81. Prolonged stress associated with social harassment can further have long-term consequences for 
reproductive success through reduced lifespan82,83. Stockley and Bro-Jørgensen in their recent review3 empha-
sised that female adaptations for intrasexual competition are often less conspicuous than those of males. As a 
consequence, they are generally more challenging to study. Analysing stress hormones in hair may fill that gap 
and reveal a stressful social environment even in the absence of overt aggression.
In summary, we found strong support for the biological validity of the stress hormone corticosterone and 
the sex steroid hormones progesterone and testosterone as measured in the hair of wild-derived house mice. 
Although the exact time window needs further investigation, the present study supports the notion that hormone 
measures from the hair of wild house mice reflect several weeks of hormone accumulation. In comparison, most 
hormone measures derived from blood, urine, or faeces, rather reflect the acute endocrine state. We feel confident 
that the broader time window from hair hormone measures will open new avenues to study the role of the social 
environment on reproductive competition in wild populations. Bronsen84 noted in 1989, which holds true today: 
“Also important, but largely missing, are good hormonal data obtained from wild populations. How does one 
collect such data given the episodic nature of secretion of many of these hormones and the interfering stress of 
capture? Some truly imaginative thinking will be required to solve this problem.” Hair hormone analysis is likely 
able to fill that gap in many species.
ethics. The data were collected under permit ZH134/16 from the Cantonal Veterinary Office.
Data availaibility
The dataset supporting this article is deposited in Dryad: https://doi.org/10.5061/dryad.x95x69pd6.
Received: 22 August 2019; Accepted: 24 October 2019;
Published: xx xx xxxx
References
 1. Andersson, M. B. Sexual Selection. (Princeton University Press, 1994).
 2. Clutton-Brock, T. H. et al. Intrasexual competition and sexual selection in cooperative mammals. Nature 444, 1065 (2006).
 3. Stockley, P. & Bro Jørgensen, J. Female competition and its evolutionary consequences in mammals. Biol. Rev. 86, 341–366 (2011).
 4. Schoepf, I. & Schradin, C. Endocrinology of sociality: Comparisons between sociable and solitary individuals within the same 
population of African striped mice. Horm. Behav. 64, 89–94 (2013).
 5. Oliveira, R. F., Taborsky, M. & Brockmann, H. J. Alternative Reproductive Tactics: An Integrative Approach. (Cambridge University 
Press, 2008).
 6. Carlitz, E. H. D., Kirschbaum, C., Stalder, T. & van Schaik, C. P. Hair as a long-term retrospective cortisol calendar in orang-utans 
(Pongo spp.): New perspectives for stress monitoring in captive management and conservation. Gen. Comp. Endocrinol. 195, 
151–156 (2014).
 7. Russell, E., Koren, G., Rieder, M. & Van Uum, S. Hair cortisol as a biological marker of chronic stress: Current status, future 
directions and unanswered questions. Psychoneuroendocrinology 37, 589–601 (2012).
 8. Stalder, T. & Kirschbaum, C. Analysis of cortisol in hair – State of the art and future directions. Brain. Behav. Immun. 26, 1019–1029 
(2012).
 9. Dry, F. W. The coat of the mouse (Mus musculus). J. Genet. 16, 287–340 (1926).
 10. Koren, L. et al. Towards the validation of endogenous steroid testing in wildlife hair. J. Appl. Ecol. 56, 547–561 (2019).
 11. Fonner, C. W., Patel, S. A., Boord, S. M., Venesky, M. D. & Woodley, S. K. Effects of corticosterone on infection and disease in 
salamanders exposed to the amphibian fungal pathogen Batrachochytrium dendrobatidis. Dis. Aquat. Organ. 123, 159–171 (2017).
 12. Gabor, C. R., Fisher, M. C. & Bosch, J. Elevated corticosterone levels and changes in amphibian behavior are associated with 
batrachochytrium dendrobatidis (Bd) infection and Bd lineage. PLOS ONE 10, e0122685 (2015).
 13. Macrì, S. et al. Neonatal corticosterone mitigates autoimmune neuropsychiatric disorders associated with streptococcus in mice. Sci. 
Rep. 8, 10188 (2018).
 14. Nelson, R. J. An Introduction to Behavioral Endocrinology. (Sinauer Associates, 2011).
 15. McEwen, B. S. & Wingfield, J. C. The concept of allostasis in biology and biomedicine. Horm. Behav. 43, 2–15 (2003).
 16. Selye, H. The Physiology and Pathology of Exposure to Stress. (Acta, Inc., 1950).
 17. Sternberg, E. M., Chrousos, G. P., Wilder, R. L. & Gold, P. W. The stress response and the regulation of inflammatory disease. Ann. 
Intern. Med. 117, 854–866 (1992).
9Scientific RepoRtS |         (2019) 9:16925  | https://doi.org/10.1038/s41598-019-53362-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 18. Wiebold, J. L., Stanfield, P. H., Becker, W. C. & Hillers, J. K. The effect of restraint stress in early pregnancy in mice. J. Reprod. Fertil. 
78, 185–192 (1986).
 19. Zhao, L.-H. et al. Restraint stress inhibits mouse implantation: temporal window and the involvement of HB-EGF, estrogen and 
progesterone. PLOS ONE 8, e80472 (2013).
 20. Cocks, L. Factors affecting mortality, fertility, and well-being in relation to species differences in captive orangutans. Int. J. Primatol. 
28, 421–428 (2007).
 21. Chen, M. et al. Programming of mouse obesity by maternal exposure to concentrated ambient fine particles. Part. Fibre Toxicol. 14, 
20 (2017).
 22. Erickson, R. L., Browne, C. A. & Lucki, I. Hair corticosterone measurement in mouse models of type 1 and type 2 diabetes mellitus. 
Physiol. Behav. 178, 166–171 (2017).
 23. Jarcho, M. R., Massner, K. J., Eggert, A. R. & Wichelt, E. L. Behavioral and physiological response to onset and termination of social 
instability in female mice. Horm. Behav. 78, 135–140 (2016).
 24. Książek, A., Zub, K., Szafrańska, P. A., Wieczorek, M. & Konarzewski, M. The nexus of hair corticosterone level, immunocompetence, 
metabolic rates and overwinter survival in the root vole, Microtus oeconomus. Gen. Comp. Endocrinol. 250, 46–53 (2017).
 25. Scorrano, F. et al. Validation of the long-term assessment of hypothalamic–pituitary–adrenal activity in rats using hair corticosterone 
as a biomarker. FASEB J. 29, 859–867 (2014).
 26. Yu, T. et al. Determination of endogenous corticosterone in rodent’s blood, brain and hair with LC–APCI–MS/MS. J. Chromatogr. B 
1002, 267–276 (2015).
 27. Keckeis, K. et al. Hair cortisol: a parameter of chronic stress? Insights from a radiometabolism study in guinea pigs. J. Comp. Physiol. 
B 182, 985–996 (2012).
 28. Salaberger, T. et al. Influence of external factors on hair cortisol concentrations. Gen. Comp. Endocrinol. 233, 73–78 (2016).
 29. Mastromonaco, G. F., Gunn, K., McCurdy-Adams, H., Edwards, D. B. & Schulte-Hostedde, A. I. Validation and use of hair cortisol 
as a measure of chronic stress in eastern chipmunks (Tamias striatus). Conserv. Physiol., 2, (2014).
 30. Terwissen, C. V., Mastromonaco, G. F. & Murray, D. L. Enzyme immunoassays as a method for quantifying hair reproductive 
hormones in two felid species. Conserv. Physiol., 2, (2014).
 31. Bryan, H. M., Darimont, C. T., Paquet, P. C., Wynne-Edwards, K. E. & Smits, J. E. G. Stress and reproductive hormones in grizzly 
bears reflect nutritional benefits and docial consequences of a salmon foraging niche. PLOS ONE 8, e80537 (2013).
 32. Bryan, H. M. et al. Heavily hunted wolves have higher stress and reproductive steroids than wolves with lower hunting pressure. 
Funct. Ecol. 29, 347–356 (2015).
 33. Ventrella, D. et al. Hair testosterone and cortisol concentrations in pre- and post-rut roe deer bucks: Correlations with blood levels 
and testicular morphometric parameters. Animals 8, 113 (2018).
 34. Bryan, H. M., Darimont, C. T., Paquet, P. C., Wynne-Edwards, K. E. & Smits, J. E. G. Stress and reproductive hormones reflect inter-
specific social and nutritional conditions mediated by resource availability in a bear–salmon system. Conserv. Physiol., 2, (2014).
 35. Cattet, M. et al. The quantification of reproductive hormones in the hair of captive adult brown bears and their application as 
indicators of sex and reproductive state. Conserv. Physiol. 5, cox032 (2017).
 36. Koren, L., Mokady, O. & Geffen, E. Elevated testosterone levels and social ranks in female rock hyrax. Horm. Behav. 49, 470–477 
(2006).
 37. Schell, C. J., Young, J. K., Lonsdorf, E. V., Mateo, J. M. & Santymire, R. M. Investigation of techniques to measure cortisol and 
testosterone concentrations in coyote hair. Zoo Biol. 36, 220–225 (2017).
 38. Tennenhouse, E. M., Putman, S., Boisseau, N. P. & Brown, J. L. Relationships between steroid hormones in hair and social behaviour 
in ring-tailed lemurs (Lemur catta). Primates J. Primatol. 58, 199–209 (2017).
 39. Dettmer, A. M., Rosenberg, K. L., Suomi, S. J., Meyer, J. S. & Novak, M. A. Associations between parity, hair hormone profiles during 
pregnancy and lactation, and infant development in rhesus monkeys (Macaca mulatta). PLOS ONE 10, e0131692 (2015).
 40. Louch, C. D. & Higginbotham, M. The relation between social rank and plasma corticosterone levels in mice. Gen. Comp. Endocrinol. 
8, 441–444 (1967).
 41. Fortes, P. M. et al. Social instigation and repeated aggressive confrontations in male Swiss mice: analysis of plasma corticosterone, 
CRF and BDNF levels in limbic brain areas. Trends Psychiatry Psychother. 39, 98–105 (2017).
 42. Vignozzi, L. et al. Testosterone and sexual activity. J. Endocrinol. Invest. 28, 39–44 (2005).
 43. Koskenniemi, J., Virtanen, H. & Toppari, J. Testicular growth and development in puberty. Curr. Opin. Endocrinol. Diabetes Obes. 
24, 215–224 (2017).
 44. Cornwall, G. A. New insights into epididymal biology and function. Hum. Reprod. Update 15, 213–227 (2009).
 45. Ramm, S. A. & Stockley, P. Sperm competition and sperm length influence the rate of mammalian spermatogenesis. Biol. Lett. 6, 
219–221 (2010).
 46. Kaiser, S., Kruijver, F. P. M., Swaab, D. F. & Sachser, N. Early social stress in female guinea pigs induces a masculinization of adult 
behavior and corresponding changes in brain and neuroendocrine function. Behav. Brain Res. 144, 199–210 (2003).
 47. Humphreys, E. M., Ghione, R., Gosden, R. G., Hobson, B. M. & Wide, L. Relationship between corpora lutea or fetal number and 
plasma concentrations of progesterone and testosterone in mice. J. Reprod. Fertil. 75, 7–15 (1985).
 48. Michael, S. D., Geschwind, I. I., Eric Bradford, G. & Stabenfeldt, G. H. Pregnancy in mice sSelected for sSmall litter size: reproductive 
hormone levels and effect of exogenous hormones. Biol. Reprod. 12, 400–407 (1975).
 49. Andersen, M. L. & Tufik, S. Does male sexual behavior require progesterone? Brain Res. Rev. 51, 136–143 (2006).
 50. König, B. et al. A system for automatic recording of social behavior in a free-living wild house mouse population. Anim. Biotelemetry 
3, 39 (2015).
 51. Auclair, Y., König, B., Ferrari, M., Perony, N. & Lindholm, A. K. Nest attendance of lactating females in a wild house mouse 
population: benefits associated with communal nesting. Anim. Behav. 92, 143–149 (2014).
 52. Grize, S. A., Wilwert, E., Searle, J. B. & Lindholm, A. K. Measurements of hybrid fertility and a test of mate preference for two house 
mouse races with massive chromosomal divergence. BMC Evol. Biol. 19, 25 (2019).
 53. Krackow, S. Sex ratio manipulation in wild house mice: The effect of fetal resorption in relation to the mode of reproduction. Biol. 
Reprod. 47, 541–548 (1992).
 54. Kolibianakis, E. M. et al. Evaluation of Hamilton-Thorn automated semen analysis system. Arch. Androl. 28, 213–222 (1992).
 55. Gao, W. et al. Quantitative analysis of steroid hormones in human hair using a column-switching LC–APCI–MS/MS assay. J. 
Chromatogr. B 928, 1–8 (2013).
 56. R Core Team. R: a Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2017).
 57. RStudioTeam. RStudio: Integrated development environment for R. (2016).
 58. Wickham, H. ggplot2: elegant graphics for data analysis. (Springer, 2016).
 59. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw., 67, (2015).
 60. Cattet, M. et al. Can concentrations of steroid hormones in brown bear hair reveal age class? Conserv. Physiol. 6, coy001 (2018).
 61. Hedrich, H. J. The Laboratory Mouse. (AP, Elsevier, 2012).
 62. Ferrari, M., Lindholm, A. K. & König, B. A reduced propensity to cooperate under enhanced exploitation risk in a social mammal. 
Proc. R. Soc. B Biol. Sci. 283, 20160068 (2016).
1 0Scientific RepoRtS |         (2019) 9:16925  | https://doi.org/10.1038/s41598-019-53362-4
www.nature.com/scientificreportswww.nature.com/scientificreports/
 63. Wersinger, S. R., Temple, J. L., Caldwell, H. K. & Young, W. S. Inactivation of the oxytocin and the vasopressin (Avp) 1b receptor 
genes, but not the Avp 1a receptor gene, differentially impairs the bruce effect in laboratory mice (Mus musculus). Endocrinology 
149, 116–121 (2008).
 64. Bhasin, S. et al. The mechanisms of androgen effects on body composition: Mesenchymal pluripotent cell as the target of androgen 
action. J. Gerontol. Ser. A 58, M1103–M1110 (2003).
 65. Hamilton, E. J. et al. Increase in visceral and subcutaneous abdominal fat in men with prostate cancer treated with androgen 
deprivation therapy. Clin. Endocrinol. (Oxf.) 74, 377–383 (2011).
 66. Haisová-Slábová, M., Munclinger, P. & Frynta, D. Sexual size dimorphism in free-living populations of Mus musculus: Are male 
house mice bigger? Acta Zool. Acad. Sci. Hung. 56, 139–151 (2010).
 67. Schärer, L. & Vizoso, D. B. Phenotypic plasticity in sperm production rate: There’s more to it than testis size. Evol. Ecol. 21, 295–306 
(2007).
 68. Denk, A. G. & Kempenaers, B. Testosterone and testes size in mallards (Anas platyrhynchos). J. Ornithol. 147, 436–440 (2006).
 69. Preston, B. T. et al. Testes size, testosterone production and reproductive behaviour in a natural mammalian mating system. J. Anim. 
Ecol. 81, 296–305 (2012).
 70. Thomson, S., Koren, G., Van Steen, V., Rieder, M. & Van Uum, S. H. M. Testosterone concentrations in hair of hypogonadal men 
with and without testosterone replacement therapy. Ther. Drug Monit. 31, 779–782 (2009).
 71. Hurst, J. L. Urine marking in populations of wild house mice (Mus domesticus rutty). I. Communication between males. Anim. 
Behav. 40, 209–222 (1990).
 72. Kappel, S., Hawkins, P. & Mendl, M. T. To group or not to group? Good practice for housing male laboratory mice. Animals 7, 88 (2017).
 73. Gray, S. J., Jensen, S. P. & Hurst, J. L. Effects of resource distribution on activity and territory defence in house mice, Mus domesticus. 
Anim. Behav. 63, 531–539 (2002).
 74. Sutter, A. & Lindholm, A. K. No evidence for female discrimination against male house mice carrying a selfish genetic element. Curr. 
Zool. 62, 675–685 (2016).
 75. Thonhauser, K. E., Raffetzeder, A. & Penn, D. J. Sexual experience has no effect on male mating or reproductive success in house 
mice. Sci. Rep., 9, (2019).
 76. Dewsbury, D. A., Baumgardner, D. J., Evans, R. L. & Webster, D. G. Sexual dimorphism for body mass in 13 taxa of muroid rodents 
under laboratory conditions. J. Mammal. 61, 146–149 (1980).
 77. Clutton-Brock, T. Sexual selection in females. Anim. Behav. 77, 3–11 (2009).
 78. Clutton-Brock, T. H. & Huchard, E. Social competition and selection in males and females. Phil Trans R Soc B 368, 20130074 (2013).
 79. Stockley, P. & Campbell, A. Female competition and aggression: interdisciplinary perspectives. Philos. Trans. R. Soc. B Biol. Sci. 368, 
20130073 (2013).
 80. König, B. Components of lifetime reproductive success in communally and solitarily nursing house mice — a laboratory study. 
Behav. Ecol. Sociobiol. 34, 275–283 (1994).
 81. Ferrari, M., Lindholm, A. K. & König, B. Fitness consequences of female alternative reproductive tactics in house mice (Mus 
musculus domesticus). Am. Nat. 193, 106–124 (2019).
 82. Sapolsky, R. M. The influence of social hierarchy on primate health. Science 308, 648–652 (2005).
 83. von Holst, D. et al. Social rank, fecundity and lifetime reproductive success in wild European rabbits (Oryctolagus cuniculus). Behav. 
Ecol. Sociobiol. 51, 245–254 (2002).
 84. Bronson, F. H. Mammalian Reproductive Biology. (University of Chicago Press, 1989).
Acknowledgements
We are particularly grateful to all those who have contributed to collect the data. We also thank Anja Schulz and 
her lab team for analysing the hair and Jari Garbely for genetic laboratory work. Additionally, we thank Vishvak 
Kannan for help with data collection and Bruce Boatman and Barbara Schnüriger for experimental support. This 
study was funded by the German Research Foundation (DFG; CA 1870/1-1), the SNSF (31003A-160328, 31003A-
176114/1), the University of Zurich, and the Claraz-Stiftung.
Author contributions
The study was conceived and the manuscript written by E.C., A.K.L., B.K., W.G., and C.K. The semi-natural 
enclosure experiment was designed and executed including data collection by J.-N.R. and A.K.L. Data on 
reproductive tissues were collected by L.W. and A.K.L. Statistical analyses were performed by E.C. and J.-N.R 
with equal contributions.
competing interests
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to E.H.D.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
